Vehicle emission calculation is critical for evaluating motor vehicle related environmental protection policies. Currently, many studies calculate vehicle emissions from integrating the microscopic traffic simulation model and the vehicle emission model. However, conventionally vehicle emission models are presented as a stand-alone software, requiring a laborious processing of the simulated second-by-second vehicle activity data. This is inefficient, in particular, when multiple runs of vehicle emission calculations are needed. Therefore, an integrated vehicle emission computation system is proposed around a microscopic traffic simulation model. In doing so, the relational database technique is used to store the simulated traffic activity data, and these data are used in emission computation through a built-in emission computation module developed based on the IVE model. In order to ensure the validity of the simulated vehicle activity data, the simulation model is calibrated using the genetic algorithm. The proposed system was implemented for a central urban region of Nanjing city. Hourly vehicle emissions of three types of vehicles were computed using the proposed system for the afternoon peak period, and the results were compared with those computed directly from the IVE software with a trivial difference in the results from the proposed system and the IVE software, indicating the validity of the proposed system. In addition, it was found for the study region that passenger cars are critical for controlling CO, buses are critical for controlling CO and VOC, and trucks are critical for controlling NO x and CO 2 . Future work is to test the proposed system in more traffic management and control strategies, and more vehicle emission models are to be incorporated in the system.
Introduction
Vehicle emissions are contributing to air quality degradation substantially, which is believed to be one of the most critical environmental issues facing the world [1] . Pollutant gases from vehicles appear as the single most important source of urban pollu--80 10.2478/jaiscr-2018-0025 tant emissions in source apportionment studies [2] [3] [4] , which is also an important cause of haze and photochemical smog pollution, seriously affecting the air quality of the city and human health [5] [6] . In China, on-road vehicles emissions are preliminary calculated to be 4547.3 million tons, which contains 13.8% NO x emissions, 9.4% HC emissions, 75.5% CO emissions and 1.2% PM emissions [7] . Therefore, many strategies are being implemented to reduce vehicle emissions, including new powertrains development, fuel replacement, technological improvements, strict traffic management regulation and emission standards [8] . To accurately assess the effectiveness and applicability of these measures in the urban area, emission inventories calculation is needed.
Over a long history, real-world measurement and model prediction method are two major measures used to compute emission inventories. However, real-world measurements, such as dynamometer testing, tunnel testing, remote sensing, and onboard instrumentation testing, have certain limitations such as limited test samples, fixed vehicle driving conditions, environmental impact instability [9] . By contrast, macroscopic and/or microscopic emissions model based on travel activity data both have been adopted in transportation environmental impact evaluation [10] [11] , showing many advantages such as low cost, repeatability, and sufficient sample size. For example, most emission inventories at the fleet level or at a regional level can be calculated using the COPERT model developed from the European MEET project [12] [13] . In USA, IVE and MOVES are used more widely [14] [15] , which are based on second-by-second speed data from traffic simulations or real-world measurements. Note that IVE model is developed for vehicle emissions computation in developing countries, covering more than 700 technology categories from small motorcycles to large trucks and buses [16] . In addition, each technology is assigned a default base emission factor, which can be modified by users according to local information. Clearly emission model is a good candidate for computing emission inventories.
Emissions calculation using the emission models needs vehicle driving characteristics (e.g., speed, acceleration and average speed) as the input data. Conventionally, these motor vehicle activity level data can be obtained using microscopic traffic simulation model. In these simulation models, an individual vehicle is modeled in detail for the entire trip, providing accurate traffic flow, travel time, and other traffic activity data. Typical traffic simulation software include CORSIM, SIGSIM, PARAMICS, VISSIM, TJTS, MicroSim, and NITS [17] [18] [19] [20] [21] [22] . However, most of these microscopic simulation models lack relational database support to store simulation data so that the simulated traffic activity data cannot be applied effectively and directly for emission computation. In addition, the simulation should be calibrated adequately so that real-world situation can be captured in the simulation.
Therefore, the purpose of this paper is to develop an efficient integrated vehicle emission computation system through applying the technique of a relational database to a microscopic traffic simulation model. In doing so, second-by-second traffic activity data generated during the simulation can be organized and preprocessed into a prescribed input data for the emission computation module. In order to reflect the real-world situation, the simulation model is calibrated using Genetic Algorithm. Note that in this paper, the microscopic traffic simulation software is selected as Paramics and the emission model is selected as IVE model. In the rest of this paper, Section 2 presents an overview of related literature; Section 3 and Section 4 discuss the Paramics simulation software and IVE model, respectively; Section 5 presents the proposed system, which is implemented and tested in Section 6. In Section 7, this paper concludes with summaries.
Literature review
In the field of emissions assessment, there is an emerging literature on integrating microscopic simulation models with emission models. Park et al. combined VISSIM with an existing velocitybased emission database (MODEM) and a Gaussian diffusion model to estimate the concentration of motor vehicle pollutants for various control measures [23] . Stathopoulos and Noland linked VIS-SIM with CMEM to evaluate the emissions for improving traffic efficiency [11] . Rakha From the above literature, though many studies have been conducted on integrating traffic simulation model and emission model, most of the simulation software does not support relational database based second-by-second simulated traffic activity data storage. In addition, current advanced emission models (e.g., IVE and MOVES) usually requires a large amount of input data. Therefore, it is difficult to apply the simulated traffic activity data directly into these vehicle emission models, resulting in less efficient vehicle emissions evaluation. In this end, we apply the database technique to store the vehicle activity data generated during Paramics simulation, and then organize and supply the data into an IVE calculation principle based emission computation module to compute vehicle emissions efficiently.
Microscopic traffic simulation model-Paramics
Paramics is a commercial microscopic traffic simulation software widely used in transportation planning, management, and decision-making [32] . The simulation toolset consists of eight modules: Modeller, Analyser, Processor, Designer, ODEstimator, Convertor, Monitor, and Programmer. Among them, Modeler is the core tool to construct a road network model, analyze simulation operation and generate second-by-second vehicle activity data. The Programmer provides the user with an application programming interfaces (API), which can be applied to implement traffic network control, simulation information acquisition, traffic control induction, and other extensions.
Paramics has an open architecture, providing about 700 interface functions which can be divided into four categories: override functions (QPO), extending functions (QPX), get functions (QPG), and set functions (QPS). QPO functions allow the users to replace the original core algorithm of Paramics software with customized code; QPX functions can be used to design the functional requirements of expansion modules; QPG functions are used to get real-time updates of Paramics simulation information; QPS functions allow the users to set values, states, and actions for objects in the Paramics model. Using Paramics, a large number of road network simulation data can be produced through constructing the road network model and running the simulation. In this way, vehicle activity data can be achieved using the simulation API Interface. However, Paramics does not supply direct storage of the simulation output in a relational database, which limits its support for applications like emission computation.
The calculation principle of IVE model
The IVE model is an on-road mobile source emissions model developed jointly by researchers at the International Sustainable System Research Center (ISSRC) and the University of California at Riverside (UCR) [14] . The IVE model modifies the influencing factors of the basic emission factors and takes into account the effects of various parameters, such as speed, acceleration, and road grade. The equations to calculate emissions are expressed in (1)-(3). The local factors used to correct the parameters in these equations are shown in Table 1 .
where 
where v is the real-time speed; a is the realtime acceleration; grade is the grade of the road; PreaveragePower is the mean of VSP between the first 5 seconds and the first 25 seconds after starting the engine. RPMIndex is the speed index of engine that is the quotient of transient velocity and velocity division constant.
Considering the 20 intervals (bin) categorized by VSP ranges and three ranks (i.e., low, medium, and high) based on the value of ES, we define 60 VSP bins, each of which corresponds to an emission level in the IVE model. A detailed classification is defined in Table 2 .
Basic input parameters
The parameters required for emission calculation are divided into four categories, including vehicle driving condition distribution, fleet technology distribution, basic emission factor, and fleet model adjustment coefficient.
Vehicle driving condition distribution refers to the distribution of VSP bins. Given the speed and acceleration of the motor vehicle, the distribution percentage of VSP bins can be calculated according to equations (4) and (5), and each VSP bin corresponds to a different adjustment factor.
Fleet technology distribution is defined as the proportion of various types of vehicles in the entire fleet. The IVE model has a total of 1372 types of established technologies and 45 types of nondefined technologies, which is categorized according to vehicle size, fuel type, vehicle usage, fuel delivery system, evaporation control system, and exhaust control system. A number (id) is assigned to the technical type of each vehicle.
Basic emission factor in IVE model is obtained specifically through comprehensive experiments in the United States under LA4 standard conditions. Therefore, for other regions, common urban vehicle types need to be matched with vehicle models in the IVE model before they can get the corresponding basic emission factors for each vehicle type. On this basis, the basic emission factor is modified using the adjustment factor.
Fleet model adjustment coefficient is defined as the adjustment factor of the specific vehicle type for the different types of air pollutants in a certain fleet, which is determined by combing local ambient conditions adjustment factor and the VSP bin adjustment factor. The parameters of local ambient conditions are shown in Table 3 . Gasoline sulfur content Road grade Altitude K (Alt) [t] Gasoline lead content Air conditioning usage I/M system K (IM) [t] Gasoline benzene content Start distribution Regional baseline emission Gasoline oxygen content adjustment K (Cntry) [t] Overall quality of diesel fuel Diesel sulfur content 
IVE model application software
Based on previous discussions, there has been an application software developed to support the application of IVE model. The emissions of various pollutants are calculated mainly through using three data input interfaces, including location interface, fleet interface, and base adjustment interface. The input data of location interface contains local environmental conditions, fuel characteristics, and driving behavior; fleet interface mainly contains the properties of vehicles, including vehicle type, fuel type, car weight, mileage, etc.; the data input to the base adjustment interface is the adjustment factor for base emission factors of each pollutant. Figure 1 shows an example of the location interface. Note that, repeated calculation of exhaust emissions is usually needed for evaluating various types of traffic control measures. Therefore, it is clear that the use of IVE software will be complex, time-consuming, and laborious. 
Proposed Integrated Emission Computation System
In this Section, two major parts, i.e., system framework design and calculation process, are described in detail for the proposed integrated emission computation system.
System framework design
The framework of the proposed system describes the components and the interaction of the components in the system, which is the key to integrating the microscopic traffic simulation model and the emission model. The layered design of the framework is adopted using the traditional traffic simulation framework combined with the current vehicle emissions assessment requirements, which is shown in Figure 2 . Figure 2 . Proposed system framework. Figure 2 shows the four main modules of the proposed system, namely the microscopic traffic simulator (Paramics), API interface module, database, and vehicle emissions assessment application module, as well as the relationship between different modules. Microscopic traffic simulator module can simulate the real-world traffic conditions and generate second-by-second vehicle activity data. These data can be extracted by the API interface module, which is the main control module of the proposed system. In this end, the Dynamic Linked Libraries (DLL) is applied to extract and store the vehicle activity data. At the same time, QPO function is called to adjust the control parameters of the microscopic traffic simulator. The database module uses ActiveX Data Objects (ADO) technology to realize the static and dynamic data interaction between the Paramics simulator and the relational database, i.e., the Microsoft Access database, and stores the static network information data and dynamic vehicle activity data generated in the simulation process. Therefore, the Access database contains two types of data tables, i.e., simulation data and emission assessment parameters, respectively. The detailed information of these data is shown in Table 4 and Table 5 , respectively. Using the data stored in the database, the vehicle emissions assessment application module calculates vehicle emissions directly using the calculation principles discussed in Section 4.
System operation process
Based on the framework of the proposed system, the operation process of the proposed system is described in Figure 3 . Clearly, this process includes four steps: vehicle type matching, simula-tion modeling and operation, evaluation algorithm of emission model, and fleet or regional emission calculation, which are described as below. Vehicle type matching is the basis for regional motor vehicle emissions assessment. The main vehicle types of Paramics contain Car, Custom, LGV, OGV1 (8m), Coach, Bus, Minibus. The motor vehicle is divided into 1372 kinds of technology in the IVE model, and in reality, the actual calculation of emissions are mainly based on cars, buses, and trucks. Therefore, it is necessary to match the vehicle types (i.e., simulation vehicle type and the IVE vehicle type) to calculate the actual emissions, as shown in Table 6 .
Simulation modeling and operation aims at generating vehicle activity data for the evaluation area. Before simulation, the basic data of the study region to be evaluated are collected, including the road attributes (i.e., geometric characteristics, road grade, lane composition, speed limit, etc.), timing parameters of the signals, and traffic flow data. Then, the road network modeling is completed using the Modeler tool provided by Paramics. Finally, the vehicle type and proportion data, road network OD data configuration and calibration are conducted. After developing and running the simulation model, the road network running data calculated by the Paramics simulator is obtained and stored by running the API interface program to provide the data source for motor vehicle emissions calculations.
Emission model evaluation parameters mainly contains activity data of motor vehicles and IVE model assessment parameters. In this step, the base emission factor and fleet technology distribution are stored in the relational database. In addition, VSP bin distribution data generated using the simulated second-by-second vehicle activity data and the local parameters stored in the relational database are used to compute the adjustment coefficients. In this way, the input data set can be generated for computing vehicle emissions.
After obtaining all the necessary parameters, fleet or regional emission calculation can be conducted by applying the calculation principle of the IVE model presented in Section 4. Note that the fleet pollutant emission is calculated first, and the regional emissions are then computed through summing up all the fleet emissions.
Empirical test and analysis
In this Section, the proposed integrated vehicle emission computation system is validated through a field implementation in a selected study area, and the vehicle emissions are analyzed with respect to each typical pollutant.
Study area, simulation model development, and data collection
The core area of Xinjiekou in Nanjing is selected as the study area, which is surrounded by the arterial roads and secondary roads (i.e., Shanghai Road, Mochuo Road, Taiping North Road, Changbai Street, Jianye Road, Baixia Road, Guangzhou Road and Zhujiang Road). This area is about 5.06 km 2 and the road network of the study area is shown in Figure 4 . According to the selected region, the simulation model of the road network is developed in Paramics, containing 200 sections, 75 nodes, and 16 traffic zones. Traffic flow data are collected using video recording technique, with vehicle license plate data reduced for 11 intersections of the study area during morning and afternoon peak periods. The ve- Table 7 . The first and second columns of Table 7 represent the main vehicle types in Nanjing, with H1, H2, H3 for trucks, K1-K4 for buses, Q1 and Q2 for tractors, and Z1, Z2, Z3, Z5, Z7 for special work cars. The third column represents the vehicle types in Paramics, with LGV standing for light trucks, OGV1 standing for 8m long medium trucks, and coaches standing for long distance buses.
Simulation model calibration
In order to reflect the real-world condition of the selected road network, the developed simulation model should be calibrated in that the traffic flow data generated by the simulation system will be close to the collected traffic flow data in real-world as much as possible. For this purpose, we adopt the genetic algorithm (GA) to determine the OD matrix as the input to the simulation system, which is implemented using Matlab. Note that GA is inherently an iterative procedure, and in each iteration, the fitness value of each individual will be computed based on the simulated result, which means that the Paramics simulator will be called to compute the fitness value for each individual through the entire calibration process. For this purpose, API should be used to conduct data interaction between Matlab and Paramics. The procedure of GA based simulation calibration is shown in Figure 5 . For the GA presented in Figure 5 , the real number chromosome coding is adopted for representing the OD (Origin-Destination) matrix to be calibrated. In addition, for the GA operators, selection refers to selecting individuals from the previous generation with a certain probability to the new generation, crossover refers to exchanging two chromosomes selected to produce a new individual, and mutation refers to changing the chromosome of a selected individual to produce a new one. Furthermore, the difference between simulated traffic flow data and observed traffic flow data is used to define the fitness function, as in Equation (6).
where obs i is the observed traffic flow value of the section i and sim i is the simulated traffic flow value of section i.
Finally, the OD matrix with the largest fitness value in the output population is taken as the best solution. The final calibrated OD data is shown in Table 8 for the selected study region. Note that in this study, the population size is 40, the crossover probability is 0.6, the mutation probability is 0.01, and the maximum number of generations is 50.
System validation
For system validation, emission calculation parameters are firstly obtained, including a driving condition distribution, vehicle technology distribution, and other parameters. The driving condition and the distribution data of VSP bins are calculated using the simulated speed and acceleration of each vehicle (i.e., car, bus, and truck). The distribution of vehicle technologies is obtained by investigating the distribution of cars, buses, and trucks in the study area and matching these vehicle types with those of the IVE model. Other parameters include the vehicle type adjustment factor and the basic emission factor obtained using the survey data of the basic information about Nanjing City (shown in Table 9 ).
After collecting all the parameters, carbon monoxide (CO), volatile organic compounds (VOC), nitrogen oxides (NO x ), and carbon dioxide (CO 2 ) emissions for the afternoon peak hour of the study area are calculated using the proposed system, with the results shown in Table 10 . Using the same set of parameters, direct application of the IVE software, i.e., input the obtained parameters using the IVE interfaces manually is also conducted, with the results shown in Table 11 .
Through a comparison of Table 10 and Table  11 , it can be found that the emissions for all the pollutants and for all the vehicle types are almost identical, with a difference around 1kg, indicating that the proposed system can calculate favorably vehicle emissions. Therefore, considering the automatic computation ability of the proposed system, the efficiency of computing vehicle emissions is highly improved, supporting repeated runs of vehicle emission calculation, which is useful when a large amount of vehicle emission calculation are inevitable for comparing different vehicular traffic management and control measures.
Emission analysis
Using the proposed vehicle emission computation system, emissions are analyzed for the selected study region. First, on reading Table 10 , it can be seen that the CO and VOC emissions of buses are much higher than those of cars and trucks. In addition, buses and trucks emit a much higher level of NO x than cars. Moreover, the total emissions are significantly different, with the highest as CO 2 , followed by NO x , CO, and VOC. When looking into the sharing rate of each vehicle type as shown in Figure 6 , it can be seen that for CO and VOC, the contribution rate of buses reached 46% and 58%, respectively, indicating that buses are the focus of CO and VOC emission control; for NO x and CO 2 , trucks have the highest contribution rate as 66% and 61%, respectively; for CO, cars have a third of the total CO emissions. Given the above information, clearly, passenger cars are critical for controlling CO, buses are critical for controlling CO and VOC, and trucks are critical for controlling NO x and CO 2 , for this urban area. Figure 6 . Pollutant emission sharing rates for the study area.
Conclusion
Air pollution caused by motor vehicles has been a growing concern for many counties. For developing vehicular traffic management and control measures, repeated calculation of vehicle emission would be inevitable. Currently, combining microscopic traffic simulation model with the vehicle emission model is a promising approach. However, due to the lack of relational database support for many traffic simulation models and the complex structure of currently used advanced vehicle emission models, the computation of vehicle emissions is still laborious and time-consuming. In addition, for reflecting the real-world situation, the simulation model should be calibrated adequately.
Targeting these issues, this work proposed an integrated vehicle emission computation system that provides an effective and efficient way of computing vehicle emissions. In this system, the relational database is built into the simulation environment that is calibrated using the genetic algorithm, and the vehicle emission model is implemented as a built-in emission computation module. In addition, the parameters needed for emission calculation will be prepared based on information stored in the relational database. Therefore, automatic vehicle emission computation can be conducted on the simulated road network model. In this way, traffic control and management measures, such as signal timing optimization can be evaluated easily in terms of vehicle emissions in various settings. Note that in this study, the microscopic traffic simulator is selected as Paramics, and the vehicle emission model is selected as the IVE model. In addition, a genetic algorithm is used to calibrate the simulation model so that the simulated vehicle activity data could be close to the real-world vehicle activity. This is critical to ensure the accurate computation of the motor vehicle emissions.
In order to prove the practicality of the proposed system, this study uses the core area of Nanjing City as an example to establish and calibrate the road network model so as to calculate emission inventory of vehicles for the afternoon peak hour. Through comparing the computed results from the proposed system and the IVE software, it is found that the proposed system can generate comparable vehicle emission results as those of the IVE software, indicating the validity of the proposed system. In addition, on looking at the emission results, it is found for the selected urban region that buses are the focus for controlling CO and VOC, trucks are the focus of controlling NO x and CO 2 , and cars are critical for controlling CO.
With the increase in a number of motor vehicles in urban areas, environmental degradation and hence emission calculation and regulation will receive sustained attention. In this end, the proposed system is expected to be applied in evaluating various vehicular regulation measures. In addition, additional emission models, such as MOVES model, can be integrated into the system for further study. close to the real-world vehicle activity. This is critical to ensure the accurate computation of the motor vehicle emissions.
With the increase in a number of motor vehicles in urban areas, environmental degradation and hence emission calculation and regulation will receive sustained attention. In this end, the proposed system is expected to be applied in evaluating various vehicular regulation measures. In addition, additional emission models, such as MOVES model, can be integrated into the system for further study.
